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(57) ABSTRACT

A sample S 1s irradiated with a two-dimensionally spread ray
of laser light to simultaneously 10nize substances within a
two-dimensional area on the sample. The resultant 10ns are
mass-separated by a TOF mass separator 4 without changing
the interrelationship of the emission points of the 10ons. The
separated 1ons are then directed to a two-dimensional detector
section 7 through a deflection electric field created by detflec-
tion electrodes 61 and 62. The two-dimensional detector sec-
tion 7 consists of a plurality of detection units 7a arranged in
parallel, each unit including an MCP 8a, fluorescent plate 9a
and two-dimensional array detector 10a. The magnitude of
deflecting the thght path of the 1ons by the deflection electric
field 1s changed 1n a stepwise manner with the lapse of time
from the generation of the 10ons so that a plurality of mass
analysis images are sequentially projected on each detection
unit 7. When the mass analysis image shifts from one detec-
tion unit to another, the data acquisition operation by the
two-dimensional array detector 1n the previous detection unit
1s discontinued. As a result, a predetermined number of the
latest images are held inside the detector. Thus, the measure-
ment time can be extended to widen the measurable mass-to-
charge ratio range, while ensuring a high mass resolution.

7 Claims, 9 Drawing Sheets
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1
MASS SPECTROMETER

TECHNICAL FIELD

The present mvention relates to a mass spectrometer for
10nizing one or more substances present within a two-dimen-
sional area on a sample, and then performing a mass analysis
of the 1onized substances. The mass spectrometer according
to the present invention 1s particularly suitable for a mass
microscope, which 1s the combination of a microscope for
microscopically observing a two-dimensional area on a
sample and a mass spectrometer for performing a mass analy-
s1s of the substances present on the observed area to obtain
two-dimensional information concerning their qualities and/
or quantities.

BACKGROUND ART

Mass spectrometers are an apparatus for 1onizing mol-
ecules and atoms of a component included 1n a gaseous, liquid
or solid sample and separating the 1ons according to their
mass-to-charge ratio to detect them in order to i1dentity the
component or determine its content. These days, 1t 1s widely
used for various purposes such as the determination of bio-
logical samples or analysis of proteins or peptides.

In the fields of biochemistry and medicine, which treat
living organisms, there 1s a great demand for obtaining the
distribution information of proteins included 1n a cell 1n vivo
without destroying the cell. In order to meet such a demand,
a mass microscope having both the function of a microscope
and that of a mass spectrometer has been developed in many
places. A mass microscope makes 1t possible to obtain infor-
mation about the distribution or other properties of a sub-
stance 1n a two-dimensional area on a sample set on a prepa-
ration or the like. This type of mass analysis conventionally
requires repeating the operations of two-dimensionally scan-
ning the irradiation point of an 1onization laser beam or par-
ticle beam on the sample, collecting the 10ons generated from
the 1irradiation point every time the 1rradiation point 1s shafted,
mass-separating the 1ons and eventually detecting the sepa-
rated 10ns. Repeating such operations requires a considerably
long period of time 1f the mass analysis needs to be performed
over a two-dimensional region with a certain area. This situ-
ation 1s undesirable not only because the analysis time
becomes long, but because the biological sample may be
damaged or degraded during the long period of time, causing
the analysis to be rather inaccurate.

To address this problem, a method has been proposed in
Non-Patent Document 1. According to this method, 1ons are
two-dimensionally generated so that they retlect the two-
dimensional distribution of the substances on a sample. The
resultant 1ons are then mass-separated by a time-of-tlight
(TOF) mass separator and detected by a two-dimensional
detector. Unfortunately, this method 1s costly since arranging
a plurality of conventional 10n detectors in a two-dimensional
pattern requires providing as many measurement circuits
(amplifiers, digitizers and so on) in parallel. On the other
hand, decreasing the number of 1on detectors for cost reduc-
tion deteriorates the positional (or spatial) resolution of the
system, making the method rather impractical.

As a means for overcoming such problems, the mnventors
have proposed a novel mass microscope 1n Japanese Patent
Application No. 2006-58816. The new mass microscope
employs an 1mage sensor having a special construction,
called the 1n-situ storage image sensor, as the two-dimen-
sional array detector. In this mass microscope, 10ns are mass-
separated by a TOF mass separator or similar device and then
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2

directed to a micro channel plate (MCP), which emits elec-
trons by an amount larger than that of the incident 1ons. Those
clectrons are converted 1nto light by a fluorescent plate, and
this light 1s further converted into an electric signal by the
in-situ storage 1image sensor. Thus, an electric signal corre-
sponding to the amount of the original 1ons 1s extracted.

Detailed information concerning the in-situ storage image
sensor 1s available in the existing literature, such as Patent
Document 1 or 2. Accordingly, no detailed description 1s
hereby provided. Brietly, an in-situ storage image sensor
includes storage charge-coupled devices (CCDs), each of
which 1s coupled with a photodiode used as a light-receiving
clement and 1s capable of storing and transferring signals for
a predetermined number of records (or frames). During an
image-capturing process, the pixel signals generated by pho-
toelectric conversion at the photodiode are sequentially trans-
terred to the storage CCD. After the image-capturing process
1s completed, the pixel signals corresponding to the predeter-
mined number of recorded 1mages, which have been stored in
the storage CCD, are collectively read out from the sensor to
externally reproduce the predetermined number of images.
Pixel signals that have exceeded the predetermined number of
records during the image-capturing process are chronologi-
cally discarded from the oldest one. Thus, a predetermined
number of the latest pixel signals are constantly held in the
storage CCD. When the transfer of pixel signals to the storage
CCD 1s discontinued at the end of the 1image-capturing pro-
cess, the latest set of 1mages from the newest 1image back
through the predetermined number of 1mages can be retro-
spectively obtained. Thus, as compared with normal 1image
sensors that require extracting image signals corresponding
to one frame every time those 1mage signals are obtained, the
in-situ storage 1mage sensor 1s characterized 1n that 1t can
repeatedly capture images at extremely high rates.

Although this type of two-dimensional array detector can
acquire images at extremely high rates, the number of images
that can be acquired is structurally limited. For example, 1f a
detector capable of acquiring 100 frames of images at arate of
one million frames per second 1s used, 1t 1s possible to obtain
mass analysis data over a time range of 100 usec at intervals
of 1 usec. I a detector capable of acquiring 100 frames of
images at a higher rate of ten million frames per second 1s
used, it 1s possible to obtain mass analysis data over a time
range of 10 usec at intervals of 100 nsec. In any case, the
number of mass analysis data 1s limited by the number of
frames that the two-dimensional array detector can succes-
stvely acquire.

In a TOF mass separator, the mass-to-charge ratio differ-
ence 1s represented as a difference 1n the flight time. There-
fore, 1n order to improve the mass resolution, the time interval
at which the acquisition of mass analysis data 1s repeated
should preferably be as short as possible. Meanwhile, the
range of the mass-to-charge ratios that can be measured by
one analysis operation should preferably be as wide as pos-
sible. For that purpose, the acquisition of mass analysis data
must be repeated as many times as possible.

For example, 11 an 10n with a mass-to-charge ratio of 1000
[amu] 1s given 10 [keV] of energy and made to tly straight for
a distance of 2 [m], its flight time will be approximately 45.69
usec, whereas the flight time of an 10n with a mass-to-charge
ratto of 1010 [amu] under the same conditions will be
approximately 45.92 usec. The {flight-time difference
between these two 1ons 1s approximately 0.23 usec. This
example demonstrates that the mass-to-charge ratio differ-
ence of 10 [amu] 1s detectable i the mass analysis data can be
repeatedly acquired at intervals 01 0.2 usec. Under the present
conditions, using a sensor capable of acquiring 100 frames of
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images enables the mass analysis data to be repeatedly col-
lected for 0.2x100=20 usec. For example, 11 the acquisition of
mass analysis data 1s initiated at a point 1n time (t1) where 45
usec have elapsed since an emission of 10ns, the data acqui-
sition can be continued until the point in time (t2) where the
lapse of time from the emission of 1ons reaches 65 usec.
Meanwhile, the tlight time of an 10n with a mass-to-charge
ratio of 2000 [amu] 1s approximately 64.61 usec. Thus, the
mass-to-charge ratios that can be measured by the data acqui-
sition over the time range from t1 to t2 are limited to the range

ol 1000 to 2000 [amul].

The flight time of an 1ion with a mass-to-charge ratio of
10000 [amu] 1s 144.47 psec. Accordingly, the difference 1n
the tlight time between 1000 [amu] and 10000 [amu] 1s 100
usec. Measuring this tlight-time range with a two-dimen-
sional array detector capable of simultaneously acquiring
1000 frames results 1n 1 usec of time difference per frame (1.¢.
the time resolution). As stated previously, the flight time of an
ion with 1000 [amu] 1s approximately 45.69 usec; therefore,
the point 1n time later than that by the time resolution 1 usec
1s 46.69 usec. Detected at this point in time 1s an 10n with a
mass-to-charge ratio of 1044 [amu]. Accordingly, the mass
resolution of this mass spectrometer 1s no shorter than
approximately 44 [amu].

Thus, the conventional mass microscope has the problem
that increasing the mass resolution narrows the mass-to-
charge ratio range that can be covered by one measurement,
whereas widening the mass-to-charge ratio range lowers the
mass resolution. It 1s theoretically possible to simultaneously
achieve both a wider mass-to-charge ratio range and higher
mass resolution by using a two-dimensional array detector
capable of acquiring a larger number of frames. However, for
that purpose 1t 1s necessary to increase the area of the storage
CCD mounted on the device, which will correspondingly
reduce the area of the photodiode and deteriorate the sensi-
tivity or spatial resolution of the detector.

Patent Document 1: Japanese Unexamined Patent Appli-
cation Publication No. 2001-345411

Patent Document 2: Japanese Unexamined Patent Appli-
cation Publication No. 2004-235621

Non-Patent Document 1: Yasuhide NAITO, “Seital
Shiryou Wo Taishou N1 Shita Shitsuryou Kenbikyou (Mass

Microscope for Bio-samples)”, J. Mass Spectrom., Soc. Jpn.,
ol. 53, No. 3, 2005

DISCLOSURE OF THE INVENTION

Problem to be Solved by the Invention

The present invention has been developed to solve the
alforementioned problems. In the field of a mass spectrometer
designed for the mass analysis of a two-dimensional area on
a sample using an in-situ storage image sensor or similar
high-speed 1mage sensor as the two-dimensional array detec-
tor, the objective of the present mnvention 1s to provide a mass
spectrometer capable of widening the mass-to-charge ratio
range that can be covered by one measurement while ensuring,
a high mass resolution.

Means for Solving the Problems

To solve the aforementioned problems, the present mven-
tion provides a mass spectrometer, including:

a) an 1omizer for simultaneously ionizing components
present within a predetermined two-dimensional area on a
sample;
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b) a mass separator for separating 1ons, generated by the
10onizer, 1n such a manner that the ions will be emitted at
different points 1n time according to their mass-to-charge
ratio while maintaining the two-dimensional relative posi-
tional relationship with which the ions have been generated;

¢) a two-dimensional detector including multiple pairs of
converters and two-dimensional array detectors,

cach converter receiving the 1ons separated by the mass
separator and converting each 1on 1nto a photon or electron
whose amount corresponds to that of the 10n, while maintain-
ing the two-dimensional relative positional relationship with
which the 1ons have been generated,

cach two-dimensional array detector consisting of an 1n-
situ storage 1mage sensor having a detector section and a
memory section, the detector section including two-dimen-
sionally arrayed micro detection elements each detecting the
photon or electron produced by the converter and outputting
a corresponding electric signal, the memory section being
capable of individually holding electric signals produced by
cach micro detection element for a predetermined number of
frames,

the multiple pairs of converters and two-dimensional array
detectors being arranged in parallel along the extending
direction of the detector section; and

d) an 10n deflector located 1n a space between an 10n emis-
sion port of the mass separator and the converters, for creating,
an electric field and/or magnetic field producing a force for
deflecting the flight path of an 10n passing through the space,

wherein the magnitude of detlecting the tlight path with the
ion detlector 1s changed so that an 1on passing through the 10n
deflector at a different point 1n time will be detected by a
different pair of the converter and the two-dimensional array
detector 1n the two-dimensional detector.

The two-dimensional array detector 1n the present inven-
tion 1s either a normal type in-situ storage 1mage sensor hav-
ing the detector section formed by the two-dimensionally
arrayed micro detection elements performing photoelectric
conversion, or a reverse-side type 1n-situ storage image sen-
sor 1n which each micro detection element captures and
detects an electron impinging on a detection surface located
on the side opposite to the side where the detector section 1s
tormed. (The “opposite” side 1s normally the reverse side of
the substrate). In any case, the two-dimensionally arrayed
micro detection elements are each provided with a memory
section such as a storage CCD capable of storing and trans-
ferring signals for N frames (where N 1s an integer greater
than one). During an 1mage-capturing process, the electric
signals generated by the micro detection element are sequen-
tially transferred to the memory section. After the 1mage-
capturing process 1s completed, the electric signals stored 1n
the memory section are collectively read out. Thus, pixel
signals for N frames can be acquired simultaneously (i.e. not
sequentially or frame by frame). Electric signals that have
exceeded the N frames during the image-capturing process
are chronologically discarded from the oldest one. Conse-
quently, electric signals corresponding to the latest N frames
are constantly held in the memory section. Therefore, when
the transfer of electric signals to the memory section 1s dis-
continued at the end of the image-capturing process for
example, the latest N frames of images from the newest image
back through the N frames can be retrospectively obtained.

In the mass spectrometer according to the present iven-
tion, the two-dimensional array detector having the afore-
mentioned configuration 1s paired with a converter, and a
plurality of such pairs are provided in parallel. Each two-
dimensional array detector can internally hold image signals
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for N frames, and the transfer of new electric signals to the
memory section can be discontinued at any point in time.
Therefore, 1t 1s possible to acquire, at high rates, N frames of
images corresponding to a different time range. The mass
separator performs mass separation so that 1ons having dif-
ferent mass-to-charge ratios are individually emitted from the
emission port at different points 1n time. The 10n deflector
bends the flight path so that the 1ons having different mass-
to-charge-ratios, which originated from the same point on the
sample, are each directed to the converter of a different pair
and detected by the two-dimensional array detector for that
converter.

The mass spectrometer may further include a controller for
controlling the operation of storing electric signals 1n the
memory section in each two-dimensional array detector,
wherein the controller controls each of the multiple two-
dimensional array detectors so that the aforementioned
operation will be synchronized with the timing at which an
ion reaches the converter for the two-dimensional array
detector concerned. In this case, a two-dimensional substance
distribution image (“mass analysis image”) corresponding to
a different mass-to-charge ratio range can be acquired at the
two-dimensional array detector of a different pair. Addition-
ally, the mass spectrometer may be designed so that the num-
ber of pairs of the converters and two-dimensional array
detectors can be increased and the magnitude of deflecting the
flight path with the 1on deflector can be accordingly
increased. This design makes 1t possible to expand the total
range of the measurable mass-to-charge ratios even 1 each
pair of the converter and two-dimensional array detector has
a narrow measurable range. The mass resolution depends on
the time 1ntervals at which the electric signals are transterred
to the memory section 1n each two-dimensional array detec-
tor.

To perform the previously described mass separation, a
time-oi-flight (TOF) mass analyzer can typically be used as
the mass separator. By this configuration, various 1ons that
have been simultancously generated from a sample by a
short-time laser 1rradiation can be temporally separated and
then detected according to their mass-to-charge ratio without
wasting any 1ons, so that a high level of detection sensitivity
1s achieved.

In a mode of the mass spectrometer according to the
present invention, the 1on detlector includes one or more pairs
of deflection electrodes facing one another across the space
which the 1ons pass through and a voltage applier for applying
a voltage to the deflection electrodes, and the voltage can be
changed so as to change the magnitude of deflection of the
tflight path of the 1ons.

This configuration enables the magnitude of detlection of
the flight path to be arbitrarily controlled by changing the
voltage applied to the detlection electrodes. Therefore, where
to project the mass analysis image can be freely determined.
For example, a different magnitude of deflection can be set for
cach mass-to-charge ratio range so that each of the plural
converters will recerve 1ons included 1n a different mass-to-
charge ratio range, or so that the mncident point of 10ns will
gradually move across the plural converters as the mass-to-
charge ratio increases. Furthermore, this configuration is easy
to adapt to a change 1n the size of the 1on-recerving surface of
the converter or other variations.

In another mode of the mass spectrometer according to the
present 1nvention, the 1on deflector includes a pair of mag-
netic poles facing each other across the space which the 1ons
pass through, wherein the magnitude of deflection of the
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flight path changes with a change 1n the mass-to-charge ratio
of 10mns passing through a constant magnetic field created by
the magnetic poles.

An 10n passing through the magnetic field experiences a
force from the magnetic field and deflects by a magnitude
corresponding to its mass-to-charge ratio. Although the force
of the magnetic field 1s constant, the magnitude of deflection
of the flight path increases as the mass-to-charge ratio of the
ions decreases. Thus, a shift of the projected mass analysis
image changes 1s achieved.

Ettect of the Invention

In a mass spectrometer using a two-dimensional array
detector consisting of an in-situ storage 1mage sensor or simi-
lar detector capable of repeatedly acquiring 1images at high
rates yet for only a limited number of frames, the present
invention makes 1t possible to acquire, by one measurement,
two-dimensional distribution imnformation (or mass analysis
images) of a substance with a high mass resolution and over
a wide range of mass-to-charge ratios.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a configuration diagram of the essential portions
of a mass microscope according to one embodiment (first
embodiment) of the present invention.

FIG. 2 1s a schematic configuration diagram of an in-situ
storage 1image sensor used 1n the mass microscope of the first
embodiment.

FIG. 3 1s a functional configuration diagram of one pixel of
the 1n-situ storage 1mage sensor shown 1n FIG. 2.

FI1G. 4 1s awavelorm chart showing a voltage applied to the
deflection electrodes 1n the mass microscope of the first
embodiment.

FIG. 5 1s a schematic sectional view showing the configu-
ration of a detection unit using either (a) a normal type n-situ
storage 1mage sensor or (b) reverse-side type 1n-situ storage
1mage sensor.

FIG. 6 1s a wavelorm chart showing another example of the
voltage applied to the detlection electrodes 1n the mass micro-
scope of the first embodiment.

FIG. 7 1s a schematic diagram illustrating an operation of
the two-dimensional detector section 1n the mass microscope
of the first embodiment.

FIG. 8 1s a configuration diagram of the essential portions
ol a mass microscope according to the second embodiment.

FIG. 9 15 a configuration diagram of the essential portions
ol a mass microscope according to the third embodiment.

FIG. 10 1s a configuration diagram of the essential portions
ol a mass microscope according to the fourth embodiment.

FIG. 11 1s a configuration diagram of the essential portions
ol a mass microscope according to the fifth embodiment.

BEST MODES FOR CARRYING OUT THE
INVENTION

First Embodiment

A mass microscope, which 1s one (first) embodiment of the
mass spectrometer according to the present invention, 1s here-
iafter described with reference to the drawings. FIG. 1 1s a
configuration diagram of the essential portions of the mass
microscope 1n the first embodiment.

This mass microscope employs a laser desorption 10niza-
tion (LDI) method 1n order to simultaneously ionize all the
components contained 1n a sample. In this method, a sample
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S placed on a sample stage 2 1s irradiated for a short period of
time with a two-dimensionally spread ray of 1onization laser
light 1. The irradiation of the sample S with the laser light 1
causes various substances present within a two-dimensional
area on the sample to be almost simultaneously 1omzed. Thus,
various 1ons are generated 1n a two-dimensionally distributed
torm. These 10ns are then introduced through a focusing lens
3 mto a time-oi-flight (TOF) mass separator 4 while main-
taining the relative positional relationship of the sample por-
tions at which they have been generated. The TOF mass
separator 4 1n this embodiment 1s a linear TOF, which may be
replaced by another type of TOF, such as a reflectron or
multi-turn type. The important point 1s that the ions emitted
from different portions on the sample S will never be mixed
together during the mass separation process; the 1ons should
maintain their relative positional relationship with which they
have been emitted from the sample S.

While flying through the flight space within the TOF mass
separator 4, the 1ons are separated along the traveling direc-
tion according to their mass-to-charge ratio. Specifically, the
ions that have been emitted from the same point on the sample
S with different mass-to-charge ratios fly along the same path;
while passing through the flight space of the TOF mass sepa-
rator 4, 1ons with smaller mass-to-charge ratios fly ahead,
whereas 10ons with larger mass-to-charge ratios becomes more
delayed. The 1ons that have been thus temporally separated
then exit the TOF mass separator 4, fly through a projection
lens 5§ and pass through the space between two deflection
clectrodes 61 and 62 facing each other. Located 1n the trav-
cling direction of these 1ons 1s a two-dimensional detector
section 7.

The two-dimensional detector section 7 consists of three
detection units 7a, 76 and 7c¢ arrayed side by side along the
X-axis. The detection unit 7a includes a. micro channel plate
(MCP) 8a, fluorescent plate 9a and two-dimensional array
detector 10a. The other two detection units 76 and 7¢ also
have the same structure.

FIG. 5(a) 1s a schematic sectional view showing the 10n-
detecting operation of one detection unit 7a. The MCP 8a
receives two-dimensionally distributed 1ons, converts each
ion 1nto electrons and multiplies them. The fluorescent plate
9a recewves the electrons multiplied by the MCP 8a and
converts them into photons. These photons then reach the
detection surface of the two-dimensional array detector 10aq.
The MCP 8a and fluorescent plate 9a each maintain the
two-dimensional relative positional relationship of the inci-
dent 10ns. Therefore, the relative positional relationship of the
portions on the sample S at which the ions have been emitted
1s also maintained on the detection surface of the two-dimen-
sional array detector 10a. (However, the two-dimensional
image may possibly be enlarged or reduced 1n its entirety
since the absolute positional relationship, 1.e. the size, 1s not
maintained. )

As stated earlier, the two-dimensional array detector 10a 1s
an 1mage sensor having a structure called the in-situ storage
image sensor. FIG. 2 1s a diagram schematically showing the
structure of this image sensor. FIG. 3 1s a functional configu-
ration diagram of one pixel of the image sensor shown 1n FIG.
2.

As shown 1n FIG. 2, there are a large number of photo-
diodes 21 (1.e. micro detection elements for photoelectric
conversion) two-dimensionally arrayed on the detection sur-
face. Provided within or around each pixel are the storage
CCD lines 25, which function as the memory section for
holding and sequentially transferring signal charges gener-
ated by each photodiode 21. The signal charges generated by
the photodiode 21 are conveyed through a writing gate 22 1nto
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a corresponding storage CCD line 25. Fach of the storage
CCD lines 25 has one end connected to one of a plurality of
vertically aligned photodiodes 21 and the other end con-
nected to a shared vertical charge transier section 23. There
are a plurality of vertical charge transier sections 23 horizon-
tally aligned, with their ends being connected to a shared
horizontal charge transier section 24. The storage CCD line
25 can hold detection signals (or pixel signals 11 each photo-
diode 21 1s regarded as one pixel) for a predetermined number
of frames. Therefore, 1t 1s possible to continuously acquire
pixel signals for the predetermined number of frames at high
rates without intermediately reading out the detection signals.
After the signal acquisition 1s completed, the pixel signals
that have been held can be read out and processed by an
external system.

The timing for transferring signal charges to the storage
CCD lines 25, the readout of signal charges from the storage
CCD lines 25 and other operations in the two-dimensional
array detector 10a are controlled by a controller 11, which
will be described later. The other two-dimensional array
detectors 105 and 10c¢ are also similarly controlled. The sig-
nals read out from each of the two-dimensional array detec-
tors 10a, 1056 and 10c¢ are all sent to a data processor 12 and
temporarily stored 1n a data memory 13. The data processor
12 appropnately reads out data from the data memory 13,
carries out predetermined analysis processes on the data, and
displays the analysis result on the screen of a display unit 16.

The controller 11, which includes a central processing unit
(CPU) and other components, controls the operations of the
two-dimensional array detectors 10aq, 106 and 10c¢. It also
controls a TOF voltage generator 14, which controls the flight
of the 1ons within the TOF mass separator 4, and a deflection
voltage generator 15, which applies a deflection voltage to the
deflection electrodes 61 and 62.

An example of the measurement using the mass micro-
scope having the atlorementioned configuration 1s hereinaiter
described. The controller 11 controls the deflection voltage
generator 15 so that the deflection voltage applied to one
deflection electrode 61 changes with the lapse of time from
the laser irradiation 1n a stepwise manner, 1.€. 1n the three
stages of —Va, zero and Va, as indicated by the solid line 1n
FIG. 4(a), while the deflection voltage applied to the other
deflection electrode 62 changes in the opposite order of Va,
zero and —Va as indicated by the dashed line 1n FIG. 4(a). A
short-time 1rradiation with the laser light 1 causes various
ions to be almost simultaneously generated within a two-
dimensional area of the sample S. Then, these 1ons are 1ntro-
duced through the focusing lens 3 into the TOF mass separa-
tor 4, as explained earlier. While passing through the tlight
space of the TOF mass separator 4, ions with smaller mass-
to-charge ratios fly ahead, whereas 1ons with larger mass-to-
charge ratios become more delayed. Accordingly, among the
various 1ons that have been generated, an ion having the
smallest mass-to-charge ratio will be the first to arrive at the
space between the deflection electrodes 61 and 62. Subse-
quently, the mass-to-charge ratio of the arrtving 1ons gradu-
ally increases with time.

As shown 1 FIG. 4(a), a negative deflection voltage —Va
and positive deflection voltage +Va are respectively applied to
the deflection electrodes 61 and 62 in the 1nitial stage of the
measurement. These voltages create a negative deflection
clectric field. Due to this field, 1ons having relatively small
mass-to-charge ratios, which initially pass through the field,
are made to considerably detlect 1n the negative direction of
the X-axis in FIG. 1 (to the right 1n FIG. 1). These 1ons are
then directed to the MCP 8a of the detection unit 7a. Accord-
ingly, while the deflection voltage —Va 1s applied to the
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deflection electrode 61 and the detlection voltage +Va to the
deflection electrode 62, the detection unit 7a practically the
only unit that detects the 1ons; no 1on comes to the other
detection units 756 and 7c. At this point, the controller 11 sends
control signals to the detection units 7a, 76 and 7¢ so that they
sequentially forward signal charges to the storage CCD lines
235 at predetermined intervals of time.

FI1G. 7 1s adiagram schematically illustrating a transition of
mass analysis images obtained by the two-dimensional array
detectors 10a, 1056 and 10c. For simplicity, the present
description assumes that the number of frames that the two-
dimensional array detectors 10a, 106 and 10c¢ can each inter-
nally hold 1s five. As state earlier, in the 1nitial measurement
stage, the detection unit 7a exclusively receives the 1ons.
Therefore, five frames of mass analysis 1images are obtained
in the two-dimensional array detector 10a in this stage,
whereas the mass analysis images obtained 1n the other two-
dimensional array detectors 105 and 10¢ 1n this stage are
blank 1mages (or noise 1mages).

At the timing where the deflection voltage applied to the
deflection electrode 61 1s switched from —Va to zero and the
deflection voltage applied to the detlection electrode 62 from
+Va to zero, the controller 11 discontinues the transier opera-
tion only in the two-dimensional array detector 10a. The
result 1s that image signals representing mass analysis images
F1 to FS corresponding to the mass-to-charge ratios M, . . .,
M5 are held 1n the storage CCD lines 25 inside the two-
dimensional array detector 10a.

After the deflection voltages applied to the deflection elec-
trodes 61 and 62 are both switched to zero, the deflection
clectric field 1s no longer present. In this state, the 10ns passing
through the space between the deflection electrodes 61 and 62
experience no force deflecting their flight path, so that they
travel straight and reach the central detection unit 75. The
mass-to-charge ratios of the 10ns being detected 1n this stage
are within a range larger than the mass-to-charge ratios M1 to
M35 of the 10ons previously detected by the two-dimensional
array detector 10a. In this stage, only the two-dimensional
array detectors 106 and 10c¢ are transferring signal charges.
Consequently, as shown in FIGS. 7(b) and 7(¢), five frames of
mass analysis images F6 to F10 corresponding to the succes-
stvely increasing mass-to-charge ratios M6, M7, M8, M9 and
M10 are obtained 1n the two-dimensional array detector lob,
whereas nothing more than blank images (or noise 1mages) 1s
obtained in the other two-dimensional array detector 10c.

At the timing where the deflection voltage applied to the
deflection electrode 61 1s switched from zero to +Va and the
deflection voltage applied to the detlection electrode 62 from
zero to —Va, the controller 11 additionally discontinues the
transier operation 1n the two-dimensional array detector 105.
The result 1s that image signals representing mass analysis
images Fé6 to F10 corresponding to the mass-to-charge ratios
M6, . .., M10 are held 1n the storage CCD lines 25 1nside the
two-dimensional array detector 105.

As a result of switching the deflection voltage applied to
the deflection electrode 61 to Va and the deflection voltage
applied to the deflection electrode 62 to —Va, a positive
deflection electric field 1s created between the deflection elec-
trodes 61 and 62. Due to this field, the 1ons belonging to a
mass-to-charge ratio range larger than the mass-to-charge
ratio M10 of the 10n previously detected by the two-dimen-
sional array detector 105 are made to considerably deflect 1n
the positive direction of the X-axis in FIG. 1. These 10ns are
then directed to the MCP 8¢ of the detection unit 7¢. Accord-
ingly, while the deflection voltage +Va 1s applied to the
deflection electrode 61 and the deflection voltage —Va to the
deflection electrode 62, the detection unit 7¢ practically the
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only unit that detects the 1ons; no 1on comes to the other
detection units 7a and 75. In this stage, only the two-dimen-
sional array detector 10c¢ 1s transferring signal charges. Con-
sequently, as shown 1 FIG. 7(c¢), five frames of mass analysis
images F11 to F135 corresponding to the successively increas-
ing mass-to-charge ratios M11, M12, M13, M14 and M15 are
obtained 1n the two-dimensional array detector 10c. After the
mass analysis image F15 has been obtained, the controller 11
discontinues the transfer operation in the two-dimensional
array detector 10c¢ at an appropriate timing. The result 1s that
image signals representing mass analysis images F11 to F15
corresponding to the mass-to-charge ratios M11, ..., M15 are
held 1n the storage CCD lines 25 inside the two-dimensional
array detector 10c.

After the transier operation 1s stopped 1n all of the two-
dimensional array detectors 10aq, 1056 and 10c¢, the 1mage
signals stored 1n each of the detectors 10a, 105 and 10c¢ are
read out and stored 1n the data memory 13. The data processor
12 carries out a predetermined process on the data stored 1n
the data memory 13. For example, 1t may create a grayscale
image 1n which the signal intensity 1s represented with shad-
ing for each mass-to-charge ratio to provide distribution
information of a substance corresponding to that mass-to-
charge ratio. Alternatively, the difference 1n the signal inten-
sity may be represented by different display colors rather than
the grayscale pattern, or a three-dimensional graph may be
created with the signal intensity plotted on an additional axis.
Another possible method 1s the contour representation using
lines each of which connects multiple points at which the
signal intensity (or concentration) 1s approximately identical.
Any of these or other display methods can be used to present
the aforementioned analysis results on the display unit 16.

As described thus far, 1n the mass microscope of the first
embodiment, three detection units 7a, 76 and 7¢, each includ-
ing the two-dimensional array detector 10a, 105 or 10c¢, are
disposed 1n parallel. The TOF mass separator 4 temporally
separates 10ns according to their mass-to-charge ratio. Their
tlight path 1s changed with time by means of a detlection
clectric field so that the 10ns will be sequentially directed to
each of the three detection units 7a, 76 and 7¢. Thus, the
present system can acquire mass analysis images over a wider
mass-to-charge ratio range (e.g. from M1 to M15) as com-
pared to a conventional system having only a single detection
unit and hence a narrow mass-to-charge ratio range ({from M1
to M3) for acquiring mass analysis images. The mass resolu-
tion of the present system 1s determined by the time interval of
the signal transier operation. Therefore, 1t1s possible to widen
the range ol the measurable mass-to-charge ratios while
maintaining the mass resolution at the same level. It 1s also
possible to improve the mass resolution by decreasing the
time 1nterval if the range of mass-to-charge ratios to be mea-
sured 1s the same as 1n the conventional case.

The detflection voltage in the previous embodiment was
changed 1n a stepwise manner. It 1s also possible to sweep the
deflection voltage like a slope as shown 1n FIG. 6. In this case,
the 1ons with smaller mass-to-charge ratios arriving at the
deflection electric field in the earliest stage are made to con-
siderably detflect due to the strong negative detlection electric
field and reach the detection unit 7a. This 1s the same as in the
previous embodiment. The mass-to-charge ratio of the 1ons
arriving at the detlection electric field gradually increases
with time, while the negative deflection electric field gradu-
ally weakens. As a result, the magnitude of deflection of the
tlight path gradually decreases and the path becomes closer to
the straight path. When the voltage 1s zero, the 10ons travel in a
straight direction. A further lapse of time creates a new situ-
ation where a positive detlection voltage 1s applied to the
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deflection electrode 61 and a negative deflection voltage to
the deflection electrode 62. The (absolute) values of the two
voltages gradually increase, gradually strengthening the posi-
tive deflection electric field. Accordingly, the 10ns are made to
deflect 1n the positive direction of the X-axis, and their mag-
nitude of deflection gradually increase.

With the aforementioned change 1n the deflection voltage
changes, the projection 1image on the ion-receiving surfaces
of the MCPs 8a, 86 and 8¢ of the two-dimensional detector
section 7 gradually shifts 1n the positive direction of the
X-axis. Accordingly, 1n the present case, the signal transier
operation ol each two-dimensional array detector 10a, 1056
and 10c can be discontinued at a point 1n time where the
shifting projection 1image exits the detection unit 7a or 76. The
shift amount of the projection 1mage per unit time can be
previously calculated. By correcting this shift amount in the
data-processing stage, it 1s possible to create a mass analysis
image similar to the one obtained in the previous case of
changing the deflection voltage in the stepwise manner.

The previous embodiment used a normal type 1n-situ stor-
age 1mage sensor as the two-dimensional array detector 10aq,
1056 or 10c. Alternatively, 1t 1s possible to use a reverse-side
type in-situ storage image sensor. The configuration of the
reverse-side type sensor 1s basically identical to that of the
normal type. The major difference 1s that the former type uses
a thinner substrate so that electrons impinging on the reverse
side can easily come 1n the vicinity of the obverse surface.
These incident electrons are then captured by each micro
detection element, which corresponds to a photodiode. The
captured electrons form an electric current, which 1s used 1n
place of the photoelectric current. Therefore, 1t 1s possible to
directly send electrons onto the two-dimensional array detec-
tor and extract a pixel signal corresponding to the amount of
the electrons.

The detection unit can be constructed as shown in FIG.
6(bH). The MCP 8a receives the two-dimensionally distributed
ions, converts each 1on into electrons and multiplies them. No
fluorescent plate 1s required 1n the next stage; the multiplied
clectrons are directly sent to the reverse-side detection sur-
face of the two-dimensional array detector 40a. It should
naturally be noted that the relative positional relationship of
the portions on the sample S at which the 1ons have been
emitted 1s also maintained on the detection surface of the
two-dimensional array detector 40a. The present configura-
tion 1s advantageous to the cost reduction since 1t requires no
fluorescent plate. Another advantage exists 1n that the elimi-
nation of the fluorescent plate makes it possible to set the
MCP 8a closer to the two-dimensional array detector 40aq.
This 1s effective 1n alleviating blurring of the focused image.
Thus, the spatial resolution of the mass analysis image can be
improved.

Second Embodiment

Another (second) embodiment of the present invention 1s
hereinafter described with reterence to FIG. 8. FIG. 8 1s a
configuration diagram of the essential portions of the mass
microscope in the second embodiment. The components
identical to those of the first embodiment are denoted by the
same numerals, and explanations of these components are
omitted. The blocks representing the configuration of the
clectrical circuits of the control system or processing system
are also omitted to simplity the figure.

The configuration of the second embodiment includes
another pair of deflection electrodes 301 and 302 facing each
other 1n the direction perpendicular to the previously men-
tioned parallel deflection electrodes 61 and 62. The nine
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detection units 7a, 7b, Tc, 7d, Te, Tf, Tg, Th and 7i are arrayed
not only along the X-axis but also along the Y-axis. In this
configuration, the flight path of the 1ons 1s deflected 1n the
X-direction by a detlection electric field created by the deflec-
tion electrodes 61 and 62 and also 1n the Y-direction by
another deflection electric field created by the additional
deflection electrodes 301 and 302. In this system, the detec-
tion unit at which the mass analysis 1mage 1s acquired 1s
sequentially switched among the detection units 7a to 7; with
the lapse of time, 1.e. with an increase 1n the mass-to-charge
ratio of the 1ons emitted from the TOF mass separator 4. Thus,
a wider range of the measurable mass-to-charge ratios than
that of the first embodiment 1s achieved.

Third Embodiment

Another (third) embodiment of the present invention 1s
described with reference to FI1G. 9. FIG. 9 1s a configuration
diagram of the essential portions of the mass microscope 1n
the third embodiment. The components 1dentical to those of
the first embodiment are denoted by the same numerals, and
explanations of these components are omitted. The blocks
representing the configuration of the electrical circuits of the
control system or processing system are also omitted to sim-
plify the figure.

Unlike the first and second embodiments 1n which an elec-
tric field was used to deflect 10ns, the third embodiment uses
a magnetic field to deflect 1ons. Specifically, a pair of parallel
plate magnetic poles 311 and 312 are disposed 1n place of the
deflection electrodes 1n the space between the projection lens
5 and the two-dimensional detector section 7. A static mag-
netic field 1s created between these parallel plate magnetic
poles 311 and 312. In general, an 10n being accelerated by a
voltage E 1n a uniform magnetic field B revolves with a radius
R determined by the following equation:

R=(1/B)V(2mE/e)

where m 1s the mass of the 1on, E 1s the acceleration voltage,
and e 1s the charge amount of the 1on. Since the radius of
revolution changes depending on the mass of the1on, each 1on
that has left the magnetic field follows a different path deter-
mined by the mass of the 1on. The magnitude of deflection of
the path 1s larger as the radius R 1s smaller. This means that an
ion with a smaller mass-to-charge ratio will be detlected with
a greater magnitude 1n the positive direction of the X-axis 1n
FIG. 9. Therefore, among the ions that have been emaitted
from a two-dimensional area on the sample S due to an
irradiation with the laser light 1, an 1on with the smallest
mass-to-charge ratio will reach the leftmost end of a prede-
termined range of the detection unit 75, aiter which the arrival
point of the 1ons relatively shiits 1in the negative direction of
the X axis as their mass-to-charge ratio increases. The rela-
tionship between the shift amount and the mass-to-charge
ratio (or time) can also be determined beforehand i the
present case. Therelore, 1t 1s possible to create a mass analysis
image 1 which the shiit amount 1s corrected.

Still another (fourth) embodiment of the present invention
1s described with reference to FIG. 10. FIG. 10 1s a configu-
ration diagram of the essential portions of the mass micro-
scope 1n the fourth embodiment. The components identical to
those of the first embodiment are denoted by the same numer-
als, and explanations of these components are omitted. The
blocks representing the configuration of the electrical circuits
ol the control system or processing system are also omitted to
simplity the figure.

In this example, an electric field created by a pair of detlec-
tion electrodes 61 and 62 facing each other 1s combined with
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a magnetic field created by a pair of parallel plate magnetic
poles 311 and 312 facing each other. A mass separator using,
a combination of electric and magnetic fields 1s generally
known as the ExB mass separator. In this mass separator, the
force due to the magnetic field works 1n opposition to the
force due to the electric field. For an 1on with a specific
mass-to-charge ratio m,,, the two forces balance each other,
allowing the 10n to travel straight. Ions with smaller mass-to-
charge ratios are aifected more strongly by the magnetic field,
so that their path 1s detlected in the positive direction of the
X-axis 1n FIG. 10. Ions with larger mass-to-charge ratios are
less affected by the magnetic field and hence more strongly by
the electric field, so that their path 1s deflected 1n the negative
direction of the X-axis 1n FIG. 10. Thus, the arrival point of
the 1ons shifts with an increase 1n the mass-to-charge ratio.
Accordingly, as in the previous embodiments, 1t 1s possible to
sequentially use each two-dimensional array detector 10a,
1056 or 10c¢ to acquire mass analysis images within a different
mass-to-charge ratio range and thereby widen the measurable
mass-to-charge ratio range.

Fitfth Embodiment

Still another (1ifth) embodiment of the present invention 1s

described with reference to FIG. 11. FIG. 11 1s a configura-
tion diagram of the essential portions of the mass microscope
in the fifth embodiment. The components 1dentical to those of
the first embodiment are denoted by the same numerals, and
explanations of these components are omitted. The blocks
representing the configuration of the electrical circuits of the
control system or processing system are also omitted to sim-
plily the figure.
In any of the previous four embodiments, the projection
lens 5 was located immediately behind the 10on emission port
of the TOF mass separator 4, with the detflection electric field
or detlection magnetic field created between the projection
lens 5 and the two-dimensional detector section 7. Alterna-
tively, 1t 1s possible to dispose the projection lens 5 between
the detlection electric (or magnetic) field and the two-dimen-
sional detector section 7 as 1n the present embodiment. This
configurationis also capable of shifting the arrival point of the
ions and projecting the 1mages according to the mass-to-
charge ratio of the 1ons.

It should be noted that any of the previous embodiments 1s
a mere example. It 1s clear that any changes, modifications or
additions appropriately made within the spirit of the present
invention will be covered by the claims of this patent appli-
cation.

The mvention claimed 1s:

1. A mass spectrometer, comprising:

a) an 1omizer for simultanecously 1onizing components
present within a predetermined two-dimensional area on
a sample;

b) a mass separator for separating 1ons, generated by the
1onizer, 1n such a manner that the 1ons will be emitted at
different points in time according to their mass-to-
charge ratio while maintaiming a two-dimensional rela-
tive positional relationship with which the 1ons have
been generated,;

¢) a two-dimensional detector including multiple pairs of
converters and two-dimensional array detectors,

cach converter recerving the 1ons separated by the mass
separator and converting each 1on into a photon or elec-
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tron whose amount corresponds to that of the 10n, while
maintaining the two-dimensional relative positional
relationship with which the 10ns have been generated,

cach two-dimensional array detector consisting of an 1n-
situ storage 1mage sensor having a detector section and a
memory section, the detector section including two-di-
mensionally arrayed micro detection elements each
detecting the photon or electron produced by the con-
verter and outputting a corresponding electric signal, the
memory section being capable of individually holding
clectric signals produced by each micro detection ele-
ment for a predetermined number of frames,

the multiple pairs of converters and two-dimensional array

detectors being arranged 1n parallel along an extending,
direction of the detector section; and

d) an 10n deflector located 1n a space between an 10n emis-

sion port of the mass separator and the converters, for
creating an electric field and/or magnetic field producing
a force for deflecting a flight path of an ion passing
through the space,

wherein a magnitude of deflecting the flight path with the

ion deflector 1s changed so that an 10n passing through
the 1on deflector at a different point 1n time will be
detected by a different pair of the converter and the
two-dimensional array detector 1n the two-dimensional
detector.

2. The mass spectrometer according to claim 1, wherein the
mass separator 1s a time-oi-tlight mass analyzer.

3. The mass spectrometer according to claim 1, further
comprising a controller for controlling an operation of storing
clectric signals 1n the memory section in each two-dimen-
sional array detector, wherein the controller controls each of
the multiple two-dimensional array detectors so that the
alorementioned operation will be synchronized with a timing
at which an 1on reaches the converter for the two-dimensional
array detector concerned.

4. The mass spectrometer according to claim 1, wherein the
ion deflector includes one or more pairs of deflection elec-
trodes facing one another across the space which the 1ons pass
through and a voltage applier for applying a voltage to the
deflection electrodes, and the voltage can be changed so as to
change the magnitude of detlection of the tlight path of the
101S.

5. The mass spectrometer according to claim 1, wherein:

the 1on detlector includes a pair of magnetic poles for

generating a magnetic field, the magnetic poles facing
cach other across a space which the ions pass through;
and

the magnitude of detlection of the tlight path changes with

a change in the mass-to-charge ratio of ions passing
through the magnetic field.

6. The mass spectrometer according to claim 1, wherein the
two-dimensional array detector 1s an 1n-situ storage image
sensor having the detector section formed by the two-dimen-
sionally arrayed micro detection elements performing photo-
clectric conversion.

7. The mass spectrometer according to claim 1, wherein the
two-dimensional array detector 1s a reverse-side type n-situ
storage 1mage sensor in which each micro detection element

0 captures and detects an electron impinging on a detection

surface located on a side opposite to a side where the detector
section 1s formed.
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